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Abstract Fluorescence properties of three potential anti-
tumoral compounds, a 3-(dibenzothien-4-yl)indole 1, a
phenylbenzothienoindole 2 and a 3-(dibenzofur-4-yl)indole
3, were studied in solution and in lipid aggregates of
dipalmitoyl phosphatidylcholine (DPPC), dioleoyl phos-
phatidylethanolamine (DOPE) and egg yolk phosphatidyl-
choline (Egg-PC). The 3-(dibenzofur-4-yl)indole 3 exhibits
the higher fluorescence quantum yields in all solvents
studied (0.32 ≤ ΦF ≤ 0.51). All the compounds present a
solvent sensitive emission, with significant red shifts in
alcohols. The results point to an ICT character of the
excited state, more pronounced for compound 1. Fluores-
cence (steady-state) anisotropy measurements of the com-
pounds incorporated in lipid aggregates of DPPC, DOPE
and Egg-PC indicate that the three compounds are deeply
located in the lipid bilayer, feeling the difference between
the rigid gel phase and fluid phases.
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For some years now our research group has synthesized a
large variety of new fluorescent planar heteroaromatic
compounds from dehydroamino acid derivatives, using
metal-mediated reactions [1–3] and some of them were
shown to be DNA intercalators [3].
Studies of incorporation in lipid vesicles using fluores-
cence techniques were also performed with biological active
tetracyclic planar compounds derivatives of benzo[b]thio-
phenes and pyridines, a benzothienopyridopyrimidone [4]
and a thieno-δ-carboline [5], prepared by us. These studies
are very useful for controlled drug release assays.
More recently, some of us have described the synthesis of
new heteroaryl and heteroannulated indoles from dehydro-
phenylalanines, a methyl 3-(dibenzothien-4-yl)indole-2-
carboxylate 1, a methyl 1-phenyl-3H-benzothieno[2,3-e]
indole-2-carboxylate 2, a methyl 3-(dibenzofur-4-yl)indole-
2-carboxylate 3 and a methyl 1-phenyl-3H-benzofuro[2,3-e]
indole-2-carboxylate. Compounds 1-3 (Fig. 1) were evaluat-
ed for their capacity to inhibit the in vitro growth of three
human tumor cell lines, MCF-7 (breast adenocarcinoma),
NCI-H460 (non-small cell lung cancer) and SF-268 (CNS
cancer). The indolic compounds 1 and 3 gave the best anti-
proliferative results but compound 1 was shown to be the
most potent with GI50 (50% of cell growth inhibition) values
ranging from 11–17μM in all cell lines studied [6].
These results suggested us to perform fluorescence
studies of incorporation of compounds 1–3 in lipid
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membranes. The photophysical properties in solution and in
lipid aggregates of neutral phospholipid components of
biological membranes, DPPC (dipalmitoyl phosphatidyl-
choline), DOPE (dioleoyl phosphatidylethanolamine) and
Egg-PC (egg yolk phosphatidylcholine) were studied.
Fluorescence (steady-state) anisotropy measurements were
also performed to obtain further information about the
behavior of the compounds in lipid membranes.
Experimental
Materials and methods
All the solutions were prepared using spectroscopic
grade solvents and ultrapure water (Milli-Q grade). 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and
1,2-Diacyl-sn-glycero-3-phosphocholine from egg yolk
(Egg-PC) were purchased from Sigma-Aldrich (lipid






































For DOPE and Egg-PC membranes preparation, defined
volumes of stock solutions of lipid (26.9 mM for DOPE
and 34.5 mM for Egg-PC) and compound (0.235 mM for 1,
0.229 mM for 2 and 0.282 mM for 3) in ethanol were
injected together, under vigorous stirring, to an aqueous
buffer solution (10 mM Tris, 1 mM EDTA, pH = 7.4), at
room temperature. A similar procedure was adopted for
DPPC vesicles, but the injection of the required amounts of
stock solutions of lipid (50 mM) and compounds 1, 2 or 3
in ethanol was done at 60°C, well above the melting
transition temperature of DPPC (ca. 41°C) [7]. In all cases,
the final lipid concentration was 1 mM, with compounds 1,
2 or 3/lipid molar ratio of 1:500.
Spectroscopic measurements
Absorption spectra were recorded in a Shimadzu UV-
3101PC UV-Vis-NIR spectrophotometer. Fluorescence
measurements were performed using a Spex Fluorolog 3
spectrofluorimeter, equipped with double monochromators
in both excitation and emission and a temperature con-
trolled cuvette holder. Fluorescence spectra were corrected
for the instrumental response of the system. An excitation
wavelength of 325 nm was used, near the lowest energy
maximum (or shoulder) in the absorption spectrum of the
compounds in all solvents studied.
For fluorescence quantum yield determination, the
solutions were previously bubbled for 20 minutes with
ultrapure nitrogen. The fluorescence quantum yields (Φs)
were determined using the standard method (eq. 1) [8, 9].
9,10-diphenylanthracene in ethanol was used as reference,






where A is the absorbance at the excitation wavelength, F
the integrated emission area and n the refraction index of
the solvents used. Subscripts refer to the reference (r) or
sample (s) compound.
Results and discussion
Photophysical properties of compounds 1, 2 and 3
in solution
The absorption and fluorescence properties of the 3-
(dibenzothien-4-yl)indole 1, the phenylbenzothienoindole
2 and the 3-(dibenzofur-4-yl)indole 3 were studied in
several solvents. The maximum absorption (λabs) and
















Fig. 1 Structure of heteroary-
lindoles 1 and 3 and heteroan-
nulated indole 2
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(ε) and fluorescence quantum yields (ΦF) of the three
compounds are presented in Table 1. The normalized
fluorescence spectra of compounds 1, 2 and 3 are shown
in Figs. 2, 3 and 4, respectively. Examples of absorption
spectra are displayed as insets.
The near-ultraviolet absorption of indole and their
derivatives has been attributed to two strongly overlapping
p ! p* transitions [11–13], with an average ε value for
unsubstituted indole of 5550M−1 cm−1, which also justifies
its relatively high fluorescence quantum yield [14]. All the
indole derivatives 1–3 have also a carboxylate group and it
is known that many carbonyl compounds exhibit low
fluorescence quantum yields due to the low-lying n! p*
state. In these new indole derivatives, it is possible that the
electronic transitions p ! p* and n! p* can be nearby in
energy, resulting in state-mixing [15]. A predominance of
p ! p* character could explain the relatively high ε values
(ε > 9 × 103M−1 cm−1) for compounds 1–3 (Table 1).
In emission spectra, a significant red shift can be observed
from cyclohexane to more polar solvents (38 nm for
compound 1, 47 nm for compound 2, 26 nm for compound
3, from cyclohexane to methanol). In the absorption spectra,
the red shifts are negligible for the three compounds
(Table 1), indicating that solvent relaxation after photoexci-
tation plays an important role.
In polar solvents, a strong band enlargement and complete
absence of vibrational structure is also observed (Figs. 2, 3
and 4), which is usually related to an intramolecular charge
transfer (ICT) mechanism and/or to specific solvent effects
[16]. This behavior was already observed in other indole
derivatives previously obtained by us, namely the methyl 3-
arylindole-2-carboxylates [2] and the 1-heteroaryl-3H-
benzothieno or benzofuroindole-2-carboxylates [3].
Solvatochromic shifts caused by general (not specific)
solvent effects are often described by the Lippert-Mataga
eq. (2), which relates the energy difference between
absorption and emission maxima to the orientation polar-
izability, [16, 17]
nabs  nfl ¼ 14p"0
2Δm2
hcR3
Δf þ const ð2Þ
Table 1 Maximum absorption (λabs) and emission wavelengths (λem), molar extinction coefficients (ε) and fluorescence quantum yields (ΦF) for
compounds 1, 2 and 3 in several solvents
Solvent λabs/nm (ɛ/M
−1 cm−1) λem/nm ΦF
a
1 2 3 1 2 3 1 2 3
Cyclohexane 325 sh (9.04×103) 321(1.21×104)
290 (2.45×104) 285 (2.81×104) 290 (2.74×104) 380 382 372 0.17 0.12 0.51
240 (6.50×104) 257 (3.28×104) 226 (4.62×104)
Dichloromethane 324 sh (9.27×103) 322 (1.54×104)
291(2.14×104) 287(3.92×104) 291 (2.42×104) 398 399 381 0.10 0.08 0.32
234 (6.39×104) 257 (4.08×104) 227(4.46×104)
Dimethylformamide 325 sh (1.10×104) 322 (1.51×104) 290 (3.10×104)b
290 (2.21×104)b 288(_4.08×104)b 399 400 384 0.15 0.17 0.46
Dimethylsulfoxide 325 sh (1.08×104) 323 (1.61×104)
291 (2.09×104)b 289 (4.91×104)b 292 (2.71×104)b 400 402 390 0.05 0.09 0.49
Ethanol 325 sh (1.07×104) 323 (1.61×104)
290 (2.21×104) 287 (4.70×104) 290 (2.76×104) 408 420 393 0.14 0.12 0.47
233 (6.94×104) 257 (4.39×104) 225 (4.96×104)
Methanol 324 sh (9.95×103) 323 (1.41×104)
289 (2.13×104) 285 (4.25×104) 290 (2.59×104) 418 429 398 0.15 0.12 0.42
233 (6.68×104) 255 (3.99×104)
a Relative to 9,10-diphenylanthracene in ethanol (Φr=0.95 [12]).
b Solvents cut-off: Dimethylformamide: 275 nm; Dimethylsulfoxide: 270 nm. sh: shoulder.
Fig. 2 Normalized fluorescence (at peak of maximum emission)
spectra of 3×10−6 M solutions of 3-(dibenzothien-4-yl)indole 1 in
several solvents (λexc=325 nm). Inset: Absorption spectrum of a 2×
10−5 M solution of 1 in dichloromethane, as an example
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where nabs is the wavenumber of maximum absorption, nfl
is the wavenumber of maximum emission, Δμ = μe−μg is
the difference in the dipole moment of solute molecule
between excited (μe) and ground (μg) states, R is the cavity
radius (considering the fluorophore a point dipole at the
center of a spherical cavity immersed in the homogeneous
solvent), and Δf is the orientation polarizability given by
(eq. 3):
Δf ¼ " 1
2"þ 1 
n2  1
2n2 þ 1 ð3Þ
where ε is the static dielectric constant and n the refractive
index of the solvent.
The Lippert-Mataga plot for compounds 1–3, shown in
Fig. 5, is reasonably linear in non-protic solvents, alcohols
exhibiting large positive deviations, especially for the
heteroannulated indole 2.
This behavior in alcohols can be due to specific solute-
solvent interactions by hydrogen bonds, as all the three
compounds have the capability of hydrogen bonding forma-
tion through the NH group (donor) and the ester group
(acceptor). The S atom of the thiophene ring (for compounds 1
and 2) and the oxygen atom of the furan ring (in the case of
compound 3) can also act as H-bond acceptors.
From ab initio molecular quantum chemistry calcula-
tions, the cavity radius (R) and the ground state dipole
moment (μg) were determined for the three compounds
(Table 2), through an optimized structure provided by
GAMESS software [19], using a 3–21G(d) basis set [20]
(Fig. 6). The optimized geometry of compound 2 shows
that this molecule is almost completely planar, with the
phenyl ring slightly out of the plane of the benzothienoin-
dole tetracyclic moiety. On the contrary, the indole ring on
compounds 1 and 3 is roughly perpendicular to the
dibenzothiophene moiety (compound 1) or the dibenzofu-
ran moiety (compound 3).
The excited state dipole moments, estimated from the
Lippert-Mataga plots, are displayed in Table 2. The μe
values of the three molecules point to the presence of an
intramolecular charge transfer (ICT) mechanism, more
important for compound 1. Twisted intramolecular charge
transfer states (TICT) usually exhibit significantly higher
excited state dipole moments (≥ 20 D) [21] than those here
obtained.
Figure 7 reports the HOMO and LUMO wavefunctions
of the three compounds. For compound 2, the HOMO-
LUMO transition exhibits a charge transfer from the
Fig. 3 Normalized fluorescence (at peak of maximum emission)
spectra of 3×10−6 M solutions of phenylbenzothienoindole 2 in
several solvents (λexc=325 nm). Inset: Absorption spectrum of a 2×
10−5 M solution of 2 in dichloromethane, as an example
Fig. 4 Normalized fluorescence (at peak of maximum emission)
spectra of 3×10−6 M solutions of 3-(dibenzofur-4-yl)indole 3 in
several solvents (λexc=325 nm). Inset: Absorption spectrum of a 2×
10−5 M solution of 3 in dichloromethane, as an example
Fig. 5 Lippert-Mataga plots for compounds 1, 2 and 3: A:
cyclohexane; B: dichloromethane; C: N,N-dimethylformamide; D:
dimethylsulfoxide; E: ethanol; F: methanol (values of ε and n were
obtained from ref. [18])
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benzothienoindole moiety to the carboxylate group, the S
atom having no electronic density at the LUMO. In case of
compound 3, both ground and excited state electronic
distributions are mainly localized at the indole moiety and
the carbonyl group. The HOMO-LUMO transition shows a
charge transfer from the indole ring to the carbonyl group
of the ester, the dibenzofuran moiety having no contribution
to this transition. However, for compound 1, the electronic
density of HOMO is localized at the dibenzothiophene
moiety and moves completely to the indole ring and to the
carboxylate group upon the HOMO-LUMO transition. This
justifies the higher excited state dipole moment obtained for
Table 2 Cavity radius (R) and ground state dipole moments (μg), obtained from theoretical calculations, and excited state dipole moments (μe)
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Fig. 6 Optimized structures of heteroarylindoles 1 and 3 and heteroannulated indole 2 (obtained by GAMESS software), with indication of S, N
and O atoms
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this compound and indicates a strong influence of the S
heteroatom in the dibenzothiophene system when compared
to the O in the dibenzofuran moiety of compound 3.
Compound 3 presents good fluorescence quantum yields
in all solvents (ΦF ≥ 0.32, Table 1), while for compounds 1
and 2, the values are relatively low (ΦF ≤ 0.17). The
decrease in fluorescence quantum yields observed for the
latter compounds is justified by the presence of the S atom
in the thiophene ring, which can promote the intersystem
crossing process by enhancement of spin-orbit coupling
interaction [15, 16], as observed for other indole derivatives
[2, 3]. The expected formation of hydrogen bonds between
these compounds and protic solvents does not cause a
decrease (or even an increase) of ΦF values in alcohols
(Table 1), in contrast to what was observed for other indoles
obtained by us [2].
Interaction of compounds 1, 2 and 3 with lipid membranes
Due to their promising antitumoral activity [6], photo-
physical studies of indoles 1–3 incorporated in lipid
membranes were also performed. These studies are impor-
tant to evaluate the interaction of the compounds with lipid
membranes. It is also important to assess the localization of









Fig. 7 HOMO and LUMO
electronic wavefunctions of het-
eroarylindoles 1 and 3 and het-
eroannulated indole 2
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Different types of phospholipid molecules, DPPC, Egg-
PC and DOPE, were used for vesicle preparation. It is
known that at room temperature, DPPC (16:0 PC) is in the
ordered gel phase, where the hydrocarbon chains are fully
extended and closely packed. Above the melting transition
temperature, Tm = 41°C [7], DPPC attains the disordered
liquid-crystalline phase. DOPE (18:1 PE) has a very low
melting transition temperature (Tm = −16 °C [22]) and
presents a lamellar bilayer to inverse hexagonal (Lα-HII)
phase transition at 3.3 °C [23]. Finally, Egg-PC is a natural
phospholipid mixture, where all molecules have the same
polar head group (phosphatidylcholine) but several hydro-
carbon chains, differing in length and degree of unsatura-
tion. Egg-PC main components are 16:0 PC, 18:0 PC and
18:1 PC [24]. Therefore, at room temperature, Egg-PC is in
the fluid liquid-crystalline phase.
The emission spectra of compounds 1–3 in lipid mem-
branes are displayed in Figs. 8, 9 and 10. The maximum
emission wavelengths (Table 3) of the three compounds
indicate a environment of moderate polarity, slightly more
polar for compound 3 (vd. Table 1). A small blue shift
(1–3 nm) is observed for all compounds in DPPC at the rigid
gel phase (at 25 °C) relative to the emission in lipids at fluid
phases.
In homogeneous solution, the effect of increasing
temperature in the fluorescence of these indolic compounds
is a ~20–30% reduction and a very small blue shift
(2–3 nm) between 25 °C and 55 °C. The insets of Figs. 8,
9 and 10 show the emission spectra in cyclohexane and
ethanol at 55 °C, where it can also be seen that the spectral
shape is roughly the same observed at 25 °C.
The red-shifted emission of compounds 1–3 observed in
lipid membranes at fluid phases (DOPE and Egg-PC at
25 °C and DPPC at 55 °C) points to a higher penetration of
water molecules in the vesicle bilayer, as lipid hydrocarbon
chains are randomly oriented and fluid. However, it is also
possible that in fluid phases these indoles locate in a more
polar environment.
Fluorescence anisotropy measurements can give further
information about these molecules behavior in lipid
membranes. The steady-state fluorescence anisotropy, r, is
given by
r ¼ IVV  G IVH
IVV þ 2G IVH ð4Þ
Fig. 8 Normalized fluorescence spectra of 3-(dibenzothien-4-yl)
indole 1 in lipid membranes of DOPE, Egg-PC and DPPC (λexc=
325 nm). Inset: Normalized fluorescence spectra of compound 1 in
cyclohexane (Cyhex) and ethanol (EtOH) at 55 °C
Fig. 9 Normalized fluorescence spectra of phenylbenzothienoindole 2
in lipid membranes of DOPE, Egg-PC and DPPC (λexc=325 nm).
Inset: Normalized fluorescence spectra of compound 2 in cyclohexane
(Cyhex) and ethanol (EtOH) at 55 °C
Fig. 10 Normalized fluorescence spectra of 3-(dibenzofur-4-yl)indole
3 in lipid membranes of DOPE, Egg-PC and DPPC (λexc=325 nm).
Inset: Normalized fluorescence spectra of compound 3 in cyclohexane
(Cyhex) and ethanol (EtOH) at 55 °C
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where IVV and IVH are the intensities of the emission spectra
obtained with vertical and horizontal polarization, respective-
ly (for vertically polarized excitation light), and G ¼ IHV=IHH
is the instrument correction factor, where IHV and IHH are the
emission intensities obtained with vertical and horizontal
polarization (for horizontally polarized excitation light).
Steady-state anisotropy relates to both the excited-state










where r0 is the fundamental anisotropy, τ is the excited-
state lifetime and τc is the rotational correlation time.
The fluorescence steady-state anisotropies and fluores-
cence quantum yields of the three indoles in lipid
aggregates are shown in Table 3. Anisotropy and quantum
yield values in ethylene glycol at room temperature were
also determined for comparison. The small anisotropy value
obtained for compound 2 in this viscous solvent (Table 3)
points to a low fundamental anisotropy for this molecule.
For each compound, the fluorescence quantum yields are
similar in all lipid aggregates and in ethylene glycol at 25 °C.
Therefore, variations in fluorescence anisotropy values at this
temperature can be directly related to changes in the
rotational correlation time of the fluorophore and, thus, to
changes in the microviscosity of the surrounding medium of
the fluorescent molecule. It can be observed for all
compounds that r values in DPPC at gel phase (25 °C) and
in Egg-PC are higher than those obtained in ethylene glycol,
indicating that compounds 1–3 are deeply located in the lipid
bilayer. Indole 3 presents high anisotropy values in DPPC
gel phase and in Egg-PC, similar to those of compound 1,
despite the significantly higher fluorescence quantum yields,
pointing to an even deeper penetration of compound 3 in
these bilayers.
In DPPC at 55 °C, a significant fluorescence quenching
(Table 3) is observed for all compounds, as expected from
the increase of the non-radiative deactivation pathways at
higher temperatures. An increase of the steady-state
anisotropy is predicted from a decrease of the excited-state
lifetime (equation 5). However, all compounds show a
significant decrease in anisotropy in DPPC at 55 °C
(Table 3), showing that these indoles detect the phospholipid
gel to liquid-crystalline phase transition and the associated
decrease of microviscosity. Anisotropies obtained in DPPC
fluid phase (55 °C) are roughly similar to the values in
ethylene glycol at 25 °C (Table 3). Compound 3 exhibits a
larger difference in anisotropy between the gel and the
liquid-crystalline phase of DPPC. It is possible that, upon
DPPC membrane fluidization, this compound locates in a
more hydrated environment, as indicated by the slightly
higher red shift in emission from the gel to the fluid phase
(Table 3).
The phospholipid DOPE, at room temperature, adopts
the inverse hexagonal phase, where the lipid molecules can
adopt inverse curvature at the interface, allowing the chains
to expand and at the same time reduce the headgroup area
at the interface [26]. The lower anisotropy values measured
in DOPE (Table 3) reflect the quite different geometry of
self-organized DOPE aggregates, through the mentioned
chain expansion. The emission spectra (Figs. 8, 9 and 10)
indicate that these indoles feel a very similar environment
in DOPE to that in DPPC at the liquid-crystalline phase.
Liposomes have been widely used to deliver anticancer
agents, in order to reduce the toxic effects of the drugs
when given alone or to increase the drug circulation time
and effectiveness [27]. Considering that compounds 1, 2
and 3 are mainly located near the phospholipid tails and
their antitumoral activity, previously shown [6], these
studies are promising to the incorporation of these indoles
in liposomes for controlled drug delivery systems.
Conclusions
The three potential antitumoral compounds studied, a 3-
(dibenzothien-4-yl)indole 1, a phenylbenzothienoindole 2
and a 3-(dibenzofur-4-yl)indole 3, show a solvent sensitive
fluorescence emission and reasonable fluorescence quan-
Table 3 Steady-state fluorescence anisotropy (r) values, fluorescence quantum yields and maximum emission wavelengths (λem) of compounds
1, 2 and 3 in lipid membranes. Values in ethylene glycol at room temperature are also shown for comparison
Compound 1 Compound 2 Compound 3
λem /nm ΦF
a r λem /nm ΦF
a R λem /nm ΦF
a R
DPPC (25 °C) 397 0.08 0.162 400 0.08 0.038 387 0.26 0.181
DPPC (55 °C) 399 0.02 0.115 401 0.01 0.027 390 0.04 0.089
DOPE (25 °C) 399 0.09 0.091 401 0.08 0.013 391 0.27 0.062
Egg-PC (25 °C) 397 0.07 0.156 401 0.08 0.029 390 0.28 0.151
Ethylene glycol (25 °C) 422 0.09 0.116 434 0.08 0.022 400 0.31 0.097
a Relative to 9,10-diphenylanthracene in ethanol (Φr = 0.95 [12]).
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tum yields in all solvents studied, compound 3 exhibiting
the higher ΦF values. The estimated excited state dipole
moments point to an ICT character of the excited state,
more pronounced for compound 1, confirmed by molecular
quantum chemistry calculations.
Studies of the compounds incorporation in lipid aggre-
gates of DPPC, DOPE and Egg-PC revealed that the three
indolic compounds are deeply located in the lipid bilayer
and are able to report differences between the gel and
liquid-crystalline phases.
Considering the already proven anti-proliferative activity
of human tumor cell lines exhibited by these molecules, the
results obtained here show a promising utility of com-
pounds 1–3 as antitumoral drugs, with the possibility of
being transported in the hydrophobic region of liposomes.
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